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I .  Introd~tctlon 
When oxygen is added to an av_aerobic suspension 
of  mitochondda supplied with both antimycin and a 
respiratory substrata, the b cytochromes become 
rapidly reduced; and then, when the oxygen is 
exhausted they become reoxidised (review [i ] ). A 
widely accepted explanation for this curious behaviour 
o f  the mitochondrial b cytochromes i  that, in the 
presence of  oxygen, cytochrome cx can oxidise semi- 
ubiquinone to ubiquinone thereby promoting the 
reduction of cytochrcme bs66 by the ubiquinol/ 
semiubiquinone couple [2--5~. In the present work 
we describe a similar, rapid, antimycin-dependent, 
oxygen-induced reduction o f  b-type cytochromes Ln
membranes i olated from aerobically and anaerobically 
grown cells ofParacoccus denitrificans. Hitherto this 
,henomenon has not been demonstrated in bacteria. 
Our present observations extend the similarities [6] 
between the respiratory chain ofP .  denitrificans and 
the mitochondrial respiratory chain. In addition, 
changes are shown to occur in the cytochrome system 
ofP. denitrificans in adapting to anaerobi0sis. 
2. l~terials arid methods 
Paracoccus denitrificans @dicrococcus denitrificans 
NCIB 8944) was grown anaerobically with succinate 
as substrate and nitrate as the added terminal electron 
Abbreviation: HQNO, 2-n-heptyl4-hydroxyqufnoline-p.r-oxide 
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acceptor as in [7] but in 5 litre volmnes. Cells were 
grown aerobically at 30°C in 10 ~itre volumes in the 
same medium as that used-for the anaerobic ultures 
except that KNO3 was omitted, air wa:; supplied 
through a #ass sparger, and the culture was stirred 
magnetically. Membrane vesicles were prepared from 
ceils which were harvested uring exponential growth, 
treated with lysozytve, and then broken by osmotic 
shock, all as described [8].  The membrane vesicles 
were stored at 1--4°C for up to 7 days. Protein was 
determined by the F01in method in [91 . 
The kinetics of oxidation and reduction of the 
cytochromes were [bllowed using a dual-wavelength 
spectrophotometer equipped with a regenerative 
stopped-flow apparatus [19] .  The amplifier output 
was displayed in parallel on a storage osciUoscope and 
on a strip-chart pen recorder. The oscilloscope dis- 
played the absorption changes which occurred uring 
the first 0.5 s or 1 s after mixing the anaerobic sus- 
pension of  membranes with oxygenated buffer. The 
pen recorder followed the complete cycle of  absorp- 
tion changes which occurred after mixing: attainment 
of aeroNosis, the aerobic steady state, and ~he retu_rn 
to the anaerobic state on depletion of  the added 
oxygen. Details o f  the equipment used are ia [111 - In 
the present work the slit-width was 0,5--1.0 mm, the 
time constant was 5 ms, and the reaction time at the 
start of  ob~et ~-~~io_n (the continuous-flow phase) was 
12--15 ms. 
3. Results and discussion 
Reduced minus oxidised difference spectra 
[12-14] have provided evidence for the presence in 
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aerobical ly grown P. denitrificans of  two b-type cyto-  
chromes with  absorpt ion maxima at 560 nna and 
566 nm at room temperature. When an anaerobic  sus- 
pens ion of membranes, i olated from aerobically- 
grown cells, was mixed with  oxygen these two b- type 
cytochromes were ox~dised in the absence of  anti -  
mycin  but  reduced in the presence o fant imyc in  
( f ig . l ) .  Measurements made over the first 0.5 s o f  the 
react ion ( f ig . le , f )  show that  the ant imyc in -dependent  
reduct ion  was complete  wifif in the period o f  the flow 
( i  5 ms). Measurements over a longer period ( f ig. lg,h) 
show that,  in the presence o f  ant imyc in ,  the b-type 
cytochrome measured at 560 nm was slowly oxddi~ed 
during the aerobic phase, while the b-type cytochrome 
measured at 566 nm remained largely reduced until 
the react ion mixture  became anaerobic ,  at which t ime 
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F ig .1 .  E f fec t  o f  ant imyc in  on  the  k inet i cs  o f  ox idat ion  and  
reduction of the b-type cytochromes in membranes from 
aerobically grown P. denitH~cans. The stopped-flow dual- 
wavelength spectrophotometer measurements were made 
with the measuring and reference wavelengths ldicated and 
were." recorded ha paz-al lel  on  a s toxage osc i l l oscope  (a ,b ,e , f )  
and a chaxt recorder (c,dg,h). The major syringe, maha- 
rained at 27°C, contained m 20 ml: 75 mM potassium phos- 
phate (pH 7.5), membrane vesicles (30 mg protein), gramici- 
din D (2/~g), 30 ram NH~CI, 0.2 told NADH, alcohol 
dehydrogenase (! rag), ethanol (0.2 ml) and rotenone (4 rag). 
Where indicated (e--h) 12.5/.~M anthnycin Was included. Tim 
nai.r~or syr i r tge  contaLned 75  m~t  potass ium phosphate  
(pH 7.5) eoWdnuously bubbled with oxygen at room temper- 
ature. 
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it was reo:ddJsed_ The ant imych l -dependent ,  oxygen 
induced reduct ion  o f  the two b- type cytoc~omes in 
the membranes  f rom aerobical ly grown P. dcngtrificans 
is consistent with the previous observation [~4] flint in 
the steady state these two b- tyge cytochromes  are 
reduced to a greater extent  aerobicaUy in the presence 
ofant_mn~y : in  than  anaerobical ly  in the absence of  anti -  
mycha. 
Figure 2 shows the results o f  similar expertments  
per formed with membranes  f rom cells grown anaero-  
bical ly wRh ni trate as the added terrrdnal e lectron 
acceptor.  As wi th  membranes  f rom aerobical ly grown 
ceils, the  i~atroducfion o f oxygen resulted in an ant i -  
mycin-dei~endent reduction of the b-type cyt0chrome 
measured at 566 nm (fig.2f~a). Unlike the membranes 
f rom aerobical ly grown c~lls, there was no antimych~- 
dependent  reduct ion  o f  the b- type cytochrome 
measured at 560 nm (fig.2e,g); and the b-type cyto-  
chrome measured at 566 nm,  which was reduced on  
adoption c [  oxygen ha ~he presence o~ an~rnyc~n, 
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Fig.2. Effect of antimyd.u on the kinetics of oxidation and 
reduction oL- the b-type eytochromes in membzanes ,from 
anaerobicaUy grown P. dengtrifgcans. Conditions were as for 
f~g_l ,  except :  that  g.he membranes  (40  mg proteLr t )  ~ '~e 
Lsohted from cei~s g~own anaerobiealiy *~dth nitrate as the 
terminal ele,:tron acceptor, aud 1 mg r0tenone was present. 
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was slowly reoxidised ur ing the aerobic phase 
(flg.2h). 
As in mi tochond~a [ 15 ] rep lacement  o f  ~he ant~- 
mydn by HQNO d~d not result m a rap~d, oxygen- 
dependent  reduct ion  o f  the P. dengtn'fgcans b-type 
cytochrome measured at 566 nm (fig.3c,g). However,  
art addi t ion o f  HQNO did abol ish the ant/myc~n- 
dependent ,  o×ygen-~nduced r uct ion o f  the b-type 
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'ig.3. Effect of HQNO and anfirayein on the oxidation and 
~ducfion kinetics of the b-type and c-type cytochromes in
~embranes from anaerobically grown 1". denitrificans. Reac- 
ton conditions were as for rig.2. Where indicated the reaction 
tL~ture also contahaed 12.5 t~M anfimycin (b~fj,n), 50 vM 
[QNO (c~g.k ,o ) ,  o r  both  12 .5 /~ ant imyc~r~ and 50  g~I  
!QNO (d,h,l.p). Measurements were made either at 566-575 
m (a-h) or at 556-540 nm (i-p). 
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cytochrome measured at  566 nm (fig.3d¢n). A similar 
add i t ion  o f  HQNO did not  s ignif icantiy affect the 
ox idat ion  or reducdo:n kinetics o f  the c-type cyto-  
chromes measured at 559 nm ( f ig .3 i -p ) ,  but  it 
increased by  about  2-fold the t ime required for all 
the oxygen in the major  syringe to be consumed,  
either h-L the absence (f ig.3m,o) or in the presence o f  
ant imyc in  (f ig.3n,p). Taken together with the previous 
observat ions [16] that both  nitrate reduct ion and 
oxygen uptake are inl~Abited by HQNO but  on ly  
oxygen uptake is inh ib i ted by  ant imyc in ,  the present 
data may be taken to imply  that  HQNO and ant imyc in  
can inhib i t  at di f ferent sites in the respiratory chain 
of ~maerobically grown P. denitrificans. 
The kinet ic spectra of  r iga  show the extent  o f  the 
absorpt ion changes measured between 550 nrn and 
566 nm which occurred dur ing the first 15 ms o f  the 
react ion.  With membranes  f rom both  aerobical ly and 
anaerobical ly-grown cells, either Ln the absence or in 
{he presence o~ antlmyc~n, there was ao absorpt ion 
max imum at about  552 nm which can be at t r ibuted 
to the c-type cytochromes o fP .  denitri3~cans [ i  2 ] .  
The kinetic spectra o f  the two types o f  membrane  
differed in two respect.s: 
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Fig.4. Kinetic spectra of the absorbance changes recorded 
during the first 15 ms after mL~ng oxygen with anaerobic 
membranes from (A) aerobically and (B) anaerobically grown 
P. denitri~cans. The stopped-flow, double-beam ~pectro- 
photometer measurements were recorded on a storage 
oscilloscope and made as described m fig.1 (foz A) and 
fig.2 (for B). The reference wavelength was mai_ritaLned at
575 nm. AnfimycLn (12.5 t2M) was omitted (--o--) or included 
(--o--) as indicated. 
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(i) In the  absence o f  ant imyc in ,  membranes  f rom 
anaerob ica l ly  grown ceils showed greater  absorp-  
t ion changes at  wavelengths higher than  556 nm 
than did the membranes  f rom aerob ica l ly -grown 
cells. 
(i i) In the presence o f  ant imyc iq ,  membranes  f rom 
aerobica l ly  grown cells had a more  extensive 
absorpt ion  band at t r ibutab le  to the b - type  cyto -  
chromes  reduced on  add i t ion  o f  oxygen than d id  
membranes  from. anaerob ica l ly  grown cells.  
These d i f ferences between the k inet ic  spectra  obta ined  
w i th  the two types  o f  membrane may be due to  the 
cytochrome o,  wh ich ,  f rom reduced +CO minus  
reduced d i f ference spectra,  has been shown [15,17]  
to be sy,athesised in increased amounts  when P. deni- 
trificans is grown anaerob ica l ly .  However  the signifi- 
cance o f  cy tochrome o for the present  s tudy  must  
remain uncer ta in  unt i l  its absorpt ion  spect rum and 
its tocat ion  in the resp i ratory  chain are kqown (see 
[181). 
In conc lus ion,  our  observat ion  o f  an oxygen-  
induced reduct ion  o f  b - type  cytoehrome in mem-  
branes f rom both  aerobk:a l ly  and anaerob ica l ly  grown 
P. clenitrificans is compat ib le  w i th  the previous 
propos i t ion  [19] that ,  in adapt ing  to  an anaerob ic  
ex is tence,  P. denitrificans adds  new components  to  a 
reta ined,  aerobic  resp i ratory  chain,  wh ich  c losely 
resembles  the mi tochondr i~ resp i ratory  chain.  
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